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SU! MARY 


This report attempts to analyze in detail the spin-up drag loads 
imposed upon an aircraft mein landing gear. Other factors in the 
lending gear problem are ignored except insofar as they affect this 
one tyce of loading. As an instrument for study, one model of sir 
craft was chosen for which extensive flight test end drop test date 
were available, 

The main parameters which enter into the spin-up drag load are 
the landing weight of the airorsft, the rate of descent at contact, 
the ground speed, the time interval from initial contact to attein-~ 
ment of maximum vertical load, and the coefficient of friction between 
the tire and the runway surface. Ninor psremeters which my affect 
the drag load nre the tire pressure, moment of inertia of the rolling 
stock, oleo pressure, and quantity of oil in the hydraulic shock ab- 
sorber. 

The results of this study indicetse th=t the maximum gear drag 
loed is primerily a function of the time required to reech m-ximn 
vertical load, and thet further atudy of this pcrameter, using drop 
test data for seversl types of aircreft, might well lead to somo vai- 
uable empirical information essential to landing gear design. The 
value of the coefficient of friction was seen to vary widely in test 
lendings but a maximum value of 0.55 appears to be sntisfsetory for 


limit design calcul: tions. 
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INTRODUCTION 


Recent statistical studies have revealed that the aircraft landing 
gear is more of a trouble-maker than was previously realized. The Air 
Foree has reported that, neglecting combat damage, trouble with the 
landing gear was responsible for more airoreft in unflyable condition 
during the war than all other causes combined except the power plant, 
to which the landing gear was a close second. During the first four 
months of 196, for another example, 10% ofall accidents sustained by 
alroreft of the AAP were caused by landing gear failures. The situation 
was nicely summarized recently by the Air Force Office of Flying Safety 
when they reported 60 cases of landing gear collapse in a period of 90 
days, of which 30 occurred during the "normal" landing roll. 

The entire aaens gear problem is clearly outlined by Mr. J. PF. 
menrearty, Structures Division =neineer at Lockheed Aircraft Corp., in 
his paper "A Critical Study of Aircraft Landins Cears", Rof. (a). The 
present research project is a continuation of Mr. MeBrearty's study, 
but it is restricted to only one gmall phase of the problem: specif- 
ically, the spineup drag loads imposed upon the main landing gear 
structure during the initial contact and spineup period. Vertical loads, 
Bide loads, taxiing and braking loads and other design conditions have 
been ignored except insofar as they effect the spin-up drag loeds. 

mxperimentation in tiis field is of such an expensive neture that 
comprehensive programs must necessarily be financed by government funds. 


‘4 gmall amount of miacellaneous testing has been dono by private 


ade 


industry, but the cost of coordinated flight and drop testing by in- 
dividual companies is for the most part Pinancially prohibitive. As 

& result, the author has chosen as the basic instrument of his study 
an airplane which has an excellent service record insofar as the land- 
ing gear is concerned, and for which considerable flight test and drop 
test data were available. It is a twine-engined aircraft having a 
maximum landing weight of 5/,,000 pounds and utilizing a retractable 


tricycle landing gear. 
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HOTATION 


dreg force, positive aft. Pounds. 
vertical force, positive up. Pounds. 


torque exerted by external forces, taken about axle of wheel. 
¥oot-pounds. 


foment of inertia of wheel about axis of rotetion. Slug 
feet square. 


gross weight of airplane et time of landing. Pounds. 
airplane mass. ‘/g. 
ground speed at time of initial contact. Fest per sec. 


time interval between first ground contact and ettcinment of 
maximum vertic2l load. Sec. 


effective rolling radius of tire. Feet. 

angular velocity of wheel. Radians per sec. 
angular acceler:tion of wheel. Redians/sec/sec. 
linesr acceleration of airplane C.G. Feet/sec/sec. 


coefficient of friction between tire end landing runvyay. 


-i— 
DERIVATION OF FORMULA 


During the lending approech the wheels of a conventional airplane 
are net spinning. At the instant of initial contect the runway surface 
begins to exert a horizontal force in the aft direction, thus tending 
to rotate the wheel. The angular inertia of the wheel resists this ten- 
dency, thus trensmitting a dreg lord to the supporting structure. The 
wneel wili spin up to the ~~ speed of the aircraft in e short per 
jod of time, after which sheds will be no drag load from this cause. 
the rotations! friction of the wheel is of such a small nmegnitude thet 
it can o neslected. | 

During this critical spineup period the tire will experience a 
combination of spinning and skidding, the latter varying in some un- 
imown manner from 100% to 0% during the time at,. However, data in Ref. 
(1) indicates that the coefficient of friction between the tire and the 
runvay is almost independent of slippege until this slippage is reduced 
pelow 10%, whereupon the coefficient repidly epproaches zero. 

Also during this period the vertical losd on the wheel will vary, 
due to the sinking speed of the eireraft, but the manner in which it 
veries is not readily visualized since the reaction of the hydraulic 
shock absorber is not known. Therefore, we turn to a time-history of 
an actual landing and find th:t the vertical and dreg forces increase 
essentially as a straight-line function of time. Figs. 1 and 2 are 
presented as typical time-histories of the test airplane, and they bear 


out the statements made above. Attention is invited to the landing 
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gross weights and rates of descent at contect of the test aircraft in 
both histories, 

The forverd speed of the airplane is readily shown to be essential- 
ly constent by a mathematical treatment. Utilizing data for flignt no. 
44, Table I as a typicsl case and assuming ea "transport" or two-point 


Landing? 


4 «= 45,000 Lbs. 
Y — 126 ft/sec. 
At & 0.20 sec, 


Faay = 3500 lbs. per wheel 


2 Bday =  (45000/3-.2) a 
a = +2(3500)(32.2)/45000 = -5.0 ft/sec/sec. 


AV = -5.0 (0.2) = -1.0 ft/sec. 


This figure is based upon a landing eser structure th-t is infinitely 
stiff «nd this transmits all forces undiminished to the C.G. of the air- 
nlene. This is obviously not the case, since the gear and its survort- 
ing wing structure are elastic end thus energy is absorbed by their 
deformetion. This means the chenzge in velocity found above is too hirn. 
In Flicht Test it was found that the echenze in ground speed during the 
tine aty ves so small it could not be measured, thus substantiating our 


assumption. 


26~ 


Now, with the physicel phenomena well described, end utilizine 
afew simplifying assumptions that are substantiated by the above 
discussion, one cen analyze the forces existent and find an expres- 
sion for the maximum spin-up drag force that will be imposed upon 


one wheel during the interval aty. 


Asauaptionsie 

(1) that the vertical force, F,, increases uniformly over the 
period aty. 

(2) that the drag force, F., increases uniformly over the per- 
iod aty. 

(3) that Fy... end Fann, occur simultaneously ot aty. 

(4) that the coefficient of friction remains constant until the 

peripheral velocity of the tire reaches the ground speed of the air- 

| plene, which time is aty; and that the coefficient of friction then 
drops to zero. | 

(5) that the ground speed of the lending creft, V, is essentially 


constent during the tine Llnterval sty. 


From the principle of anguler impulse and anguler momentum we 


know that 


2 
| By dt = Ip (85 - &) 
ty} 


hence in our problem 


a, 2S 





Aty 
¥ ‘ 
Cmax y at = I,, 6 
2 : 
0 
melt: 
Te 


Fa nx Ye (at) = i,, - 


Sa. (1) 





In order to justify our equation let us substitute sone actual 
tost flight reasurements as recorded in Tedla I. <Agein choosing 


Plight no. #1 as tyiicals 


“) 
T 33 slug fest” (measured) 


W 


fi 


Vo= 126 feet/sec. 
PVieax = 10,000 lbs. 
Aty = 0.20 sec. 
ro = 211i feet 


a 


0.55 (assumed; design criterion) 
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a i, Wp Ty 
aty 


ol. 712 .(33) Gis) (0855) (10,000) 
ectl 0.20 


= 7170 lds, 


reaesured reek ='7000 Ps, 


7 

it 
| 
& 


it 


thus confirming our fundanental equation with flight test data. A 
somewhat similar formula is developed by Dr. M. A. Biot in Ref. (4), 
utilizing a different aprrosch. - The eguetion is not nev, naving first 
been presented without development by MN.A.0.4. Peehnicel Note 863 as 
early as 194°, 

The ANC Groundloads Bulletin presents a totelly different form 
ula, rurely empirical in nature and based upon a sinusoidal build-up 
of vertical lord. It appears to be setisfactory for use in the de- 


sign stages but is less suited to our present purpose, 


= Gee 
FLIGHT TAST RESULTS 


A comprehensive flight test program with the test airplane has 
been completed and is reported in Ref. (f). Pertinent data necessary 
for this study has been recorded in Table I, appended herewith. In- 
strumentation and methods utilized are included in the reference, but 
for this paper a brief resume will be sufficient since we are primar 
ily interested in results rather th-n methods, 

Vertical and drag loads were determined by strain gauge measure- 
ments, the gauges being located on the vertical strut and drag strut 
of the right gecr, and the output of the gauces being recorded dirsctly 
on an oscillograph. Forces were later resolved into horizontal and 
vertical components. The time intervel aty can be resd directly from 
the oscillograph record. aualagesion’ vole measured by specially 
designed accelerometers placed et various loecstions in the aircraft. 
“heel RPM measurements were obtained with D.C. generators gesred 
directly to the wheels. 

Ground speed end rate of descent of the airplane C.G. were ob- 
tained by the usual photo-grid method, In addition, the rate of 
descent of the right wheel during the few seconds preceding contact 
were obtained by the waterjet method, This consists of photographing 
the gap between the wheel and the ground with e gun camera mounted on 
the opposite main gear axle. A ground reference line is »rovided by 
a small jet of water squirted from a nozzle attached to the right 


gear. Rates of descent by both methods are tabulated on Table I 


aie 


wherever data was available. Attention is invited to the striking 
difference in results between the two methods, <A study of the time 
histories of the landings in question indicates thxt some errors may 
be attributed to landing on one wheel first, but this is not true in 
all cases. It is apparent that neither method is completely satis- 
factory or reliable, nor has any method come to the attention of the 
industry that can be trusted for accuracy. This, then, is one feature 
of testing technique that must be improved before much more prozress 
can be meade. | 

The design sinking speed for both commerelal and military air 
creft is 12 feet per second, except in the case of carrier-based 
planes where a higher figure mst be used. This represents, in prac 
tice, an unflared landing at 720 feet per minute, = rate of descent 
30 radical thet it is difficult for test pilots to intentionally dup- 
licate. In addition, a complete airplane is often drop-tested to this 
sinking speed without failure, and usually without any detectable dan- 
220. Investigation by the N.A.C.A. reveals that the "average" landing 
will be meade with the rate of descent ranging from 1 to 3 feet per 
second, and thet an unflered blind landing will average about 5 feet 
per second. The point to be made here is that the design criterion 
for sinking speed is certainly adequate, and thet many service failures 
attributed to "hard landings" may in reality be considerably less 
severe than the 12 feet per second unflared Landing for which the land- 


ine geor is designed and demonstrated to be adequate. 


age 


fhe letest ANC Groundloads Bulletin (March 1948) specifies a 
coefficient of friction of 0.55 to be used in desifn calculations 
for the maximum spin=-ub drag loads. This figure is an arbitr-ry one 
based upon experience alone, and is assumed to be the largest velue 
that will be experienced when landing under limit desien conditions. 
As a matter of interest Fig. 3 138 appended Bs show how this design 
criterion has varied ante 1930. 

In an atternt to leer something -bout the coefficient of fric- 
tion in these landine tests, the formula derived oarlier was solved 
for m in all cases where sufficient date was available, end the re- 
sults are plotted on Fis. 4. Hsreefter the coefficient thus obteined 
will be called the "effective" coefficient of friction; it is that 
coefficient exnerienced by the lending gesr structure rather than the 
true coefficient defined by the ratio of drag loed to vertical load 
at the point of contect of the tire, a value which is physicelly im 
possible to obtein in flight testing. 

Ths bekitar of points on Fig. 4 413 somewhet Gisconcerting but it 
does show one fact: the design criterion of AlC-2a is 2 good estimate 
since all but three points lie below this level. hier also eppears 
to be a tendency for pm to decrease with an incresse in gross weight, 
but this is not definite. Figs. 5 and 6 are graphs of the seme data 
plotted against rate-of-descent and agsinst ground speed at contact. 
Again the scatter of points does not permit felring = curve nor draw- 


ing any general cluss as to the varietion of mp with these parameters. 
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Additional crosseplots were etiempted with the same negative re- 
sults. At this point in the investigation it becomes anparent thet 
there ere 90 many varametera controlling the effective coefficient 
of friction thet one cannot nin it down with flight test data. In- 
stead vo must turn to drov testing methods fin which we can control 
tne veriables and hope to determine et least the tendencies of the 


coefficient. 


ii. 
DROL TEST ERGULTS 


An extensive drop test program for the landing gear of our test 
airplane is reported in Ref. (g). Only such data as is avplicable 
to this investig-tion has been appended as Tables II end III. In these 
tests an actual gear was rigged in a drop test tower and dropped from 
various heights and under verious lozds. The “landing” surface wes 
either a concrete or a steel slab mounted on a flostins platforn. 
Vertical, drag, and side forces experienced by this platform were neas- 
ured by strain gauges end recorded by ean oscillograph. Effective 
ground speeds were simulated by pre-rotating the wheel in a reverse 
direction prior to dropping. Structural members of the gear vere aise 
instrumented bat these readings are of little interest in this investi- 
gation since we can gat true vertical and drag loads, and hence true 
values of the coefficient of friction, directly from the platforn 
measurements, 

As a starting point the coefficient of friction was plotted against 
platform vertical and dreg losds. The results, Mg. 7, were sinilar to 
flight test results but with somewhat less scatter. This plot is based 
upon data of Table I in which the wheel was pre-rotated to 700 Hui, 
giving en effective ground speed of 80 MPH for all drops. 

An examination of Figs. 1 and © reveels that the vertical load 
experienced by one gear structure is something less then one-half the 
landing weight of the airereft. This is due to the lift of the wings 
during the spin-up period. Other investigators have shown that essen- 


tially full wing 1ift acts on the airplane during the landing impact 


Site 


regardless of the severity of the landing. Therefore, the vertical 
load will be a function of the weight of the airplanes, of the oleo 
design, and of time. Fig. 8(a) shows with feir acouracy the time to 
reach peak vertical loads on the airplane. It would be interesting 
to plot similar curves for different types of aircraft, vere the data 
available. Such a study might lead to a fairly accurate se 
formula for estimating at, for any airplane under a given design 
vertical loading. It should be noted here that Ref. (g) States ag 
one of its conclusions that "the maximum geer drag load was found to 
be a function of the timo required to omen up the wheels." 

Fic. 8(b) 48 a plot of maximun dreg versus meximun vertical 
loads. In this graph the scatter appears to be less mt that is 
merely due to the manner of presentation. We still have an envelope 
rather than a curve. The reletionship between drag and vertical loads 
is extremely important. Reviewing the elementary assumptions made 
while deriving equation (1), it becomes apparent that if the engineor 
can design a shock strut thst is considerably "softer" in the initial 
part of the stroke, thereby reducing the vertical load during the spin- 
up period, the maximum drag load can de substantially reduced. 

Fig. 9 is a further dreskdown of results based upon the data of 
fable III. In these teststhe drop weight, tire pressure, strut pres- 
sure, end oleo o11 volume were held constant. The variables were the 
effective ground speed and the vertical velocity at impact. The cpoef- 
ficient of friction has been plotted against each of the variables. 


Here for the first time we get some points which appoar to fall ina 
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definite curve. Due to the scarcity of test points in Fig. 9(a)- 
we cannot really justify the curves shown: they ere intended pri- 
marily to connect drops made under similsr conditions and thus show 
the tendencies of the coefficient under the action of the tvo var 
fables. 

Unfortunately these drop tests were conducted nainly to prove 
the adequacy of the landing gear and research was 2 secondary con- 
siderstion. The magnitude of the forces produced in the drop tests 
were usually much grecter than those encountersd in flight test, so 
that comparisons were impossible. However, with even a few drops 
aVailable, Fig. 9 shows dofinite tendenoiss and should be further 
verified by sudsequent testing. It must be noted here thet the ground 
speeds end rates of descent 2s shown on this figure are approxincte. 
Test points were chosen in wniea these paremotersa vere similer, but 
drons in which they vere constent are not availcble. Under the cir- 
cumstances it is felt that these curves should be considered quali- 
tetively rather than quantitatively. 

Ag a side light on the status of current research slong these 
lines Fie. 10 has been included. This curve wes furnished by the 
B. F, Goodrich Co. and shows the coefficient of friction decreasing 
with an inerease in ground sneed, as determined by A-cO airplene tazi 
tests. The slopes found in Fig. 9(b) are oprosite in neture. The 
only similerit: between the two 1s the fret th.t the edcttiaun 


foune were of the same general magnitude. 
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fs a final attermt to examine the coefficient of friction end 
its rel tionship with spineup dres loads, time-histories wore again 
utilized. Piz. ll is a typical timeehistory of vlatform verticel and 
Graz loads during three drop tests. Tho shana of the curves are sim 
ilar to those found in flight testing, but the naenitudes cf the losds 
are grester ind aty ts generally a little smaller, « eonsil'¢ to be ax= 
nected after vioving Fir. 8. In this instence the curves for three 
different "lending" surfeces are shown: dry concrete, Gry steel, and 
vet steel. Hote th:t the vertical forces are all sinilar, but that 
the drse forces are of different magnitudes and frequencies. Table 
Ili lists the only tests mdoa for these surfaces under similler drop 
eonditions. Hovever, Sables IV anc VY show tyrical velues for the co- 
efficient of friction of rubber tires on various surfsces of interest 
to the aecronsutical enginesr. ‘These figures were presented by vzrious 
tire end rubber comenies snd are the result of static tests under 
controlled conditions. Since the coefficiont of friction varies under 
the effect of such factors as trend condition, surface cleenliness, 
moisture content, surface texture, ctc. these figures cen only be taken 
as represent: tive veluss. 

Fron oscillograrn records of the numerous dro; tests one cen 
re.dily make plote such es Fie. ll. From these the insteantznecus 
retio of dree to verticsl losds gives the instantaneous coefficient 
of friction, end plots such <s Fis. 12 are the obvious result. Nere 
egain the number of zicramoters involved mekes analysis difficult, so 


thet the same dete was plotted to lerzer seales and with fewer varicbles. 
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Fie. 13 sho's a time-history of the coofficient of friction, prarmit-e 
ting the aimlane vaicht to very but holding tre ground sneed and rate 
of descent consteont. This curve indicates a definits dronm in the co- 
efficiont =t 60,900 rounds, yet “racticrlly no chanse batvern 30,000 
and 45,000 nounis. This odd and inconclusive result sugrested = second 
check, Fir. 14, usinz the seme weights and the ssne eround sneed, but 
sto hicher rote of descent. The regilt ves the same. Aenca, cour- 
line this with the indiestion of Fie. 4 we mst conclude thet there 
annears to be 2 lowerine of the coefficient of friction vith 2n in- 
ereass in the landing weight of the sirpiscne, but the exact amount of 
such chenge is not yet morn. 

mae next two eranhs ara similer ecrosseplots, made in an effort 
to verif- the effect of vertical velocity -t contrct. Both lots 


indicate th-t the effect is neslizible, a resrnit thet is not in ae- 


all 


cord with te indiestions of Pir. 9. Since the curves of Figs. 15 and 
16 are time-histories, esch Dased uron = single dro~ where conditions 
are xnowm to be constant, it is fslt th:t this is a more conclusive 
method of onclysis, Poth of the latter curves indieste rather erretic 
veiues immedi-tely efter contect. One might immedictely assume in- 
strument errors or inerti> effects «s a nrossible exnlenstion. However, 
e fecture that should not be overlookei is the vuleanizine effect 
which may take nicce st the noint of contact when lendine <-%t high 
sercund sneeds. Ho such vuleanizine will effect the coefficient of 


friction 45 still a metter of conjecture. In addition, one mst 


t 
Ci 


reoiize thet cftar nuncrous dronvs the test tira vill ba vora in 


s90ts. Also, during slivpaze gmcil pisces of rubber will vs worm 


offs; these ay fom smell bulls bet-recn ths tire and tao landing 


, 


sarface, thus lovering the ecefficiant of friction. There cheno rena 


{ 


are trae in both flight testing end drop testing and constitute at 
least a partic! explenation for the seatter found in all of thess 


$ELG3. 
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OTHER ASPZOTS OF THE FROBLEM 


The preceding discussion deals with only one small phase of 
an important snd very complex problem. No mention has been made of 
the relationship between spin-up drag loads and other factors; for 
example the dynamic spring-back loads, and the twisting moment produced 
in the wing structure of a multi-engined aircraft by the drag force 
on the landing gacr. This latter, coupled with the eccelerations of 
the engine mass which 1s supported by a nscelle directly above and 
forward of the main gear, comprises a very sericus wing torsion prob- 
lem. Ths vibration problem of the landing gear is extremely cifficult; 
it does not lend itself to a classical solution due to the elasticity 
ox the supvorting structure, Furthermore, the rresent investig:tion 
hes been limited to results obteined on only one aircraft. The field 
is still ney and comoaratively uninvestigated. 

No discussion on spin-up drag loeds would be complate without 
some mention of pre-rotation prior to landing. Theoretically, if the 
wheels of the airpiene can be ants up to such a gpeed that the tangen- 
tial velocity equals the ground speed at contact there will be no drag 
lord. This is theoretically sound and experimentally true, but it has 
sone practical drawbacks. 

There have been several methods of pre-rotetion tried. On the 
test airplane, experiments were made using tire flaps, a device brought 
out by one of the larger tire companies, but only 47% pre-rotation was 


obteinable by this method. It was found that to obtain a substantial 
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reduction in gear drag loed the amount of pre-rotation mst be held 
within approximately 10% of the full 100% value of desired RFM. In 
service, of course, the actuel ground speed at contact will vary with 
wind conditions, landing weight of the eirereft, and pilot technique. 
Since excessive pre-rotation will cause forward drag loads, it be- 
comes apparent thet at least a certcin degree of pre-rotation control 
by the pilot would be desirable. A further disadvantege of tire 
flaps is thst when oper:ting under service conditions any mid on the 
runway would build up behind the flaps, making them inoperative. 

A greater degrees of success has been hed by using a Dever's 
ringewound type wheel notor, an electric installation built right 
into the wheel and utilizing 24-volt d.c. power. Gear drag loads 
yere substantially loess on these tests, but here again speed control 
by the pilot was not meade available. Furthermore, one cannot depend 
upon en electric installation being 100% reliable, so thet the landing 
gear structure must still be designed to forces existent at zero pre- 
rotation, 

The Goodyear Aircraft Corporation has furnished a curve, Fig. 17, 
showing the effect of Paetre tiicion on drezg loads, as determined by 
controlled tests in the Laboratory. The Lockheed Aircraft Corporation 
has found in actual tests that this ideal curve is not actually real- 
ized in flight test: that very little reduction in drag load is 
noticeable up to 50% pre-rotation, but that sbove this percentage the 
dreg load decreases rapidly. As transport and bomber type aircraft 
become larger, end their landing gears become heavier and more compli- 


cated, it mey become mandatory to use some form of pre-rot::tion. The 
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results will be fruitful when someone dogs present 2 reliable solution 
to this problem, and considereblo attention is being directed long 
this line of attack. 

Another design which snovs some promise of improving tne lite 
of the landin~ gear is a hydraulic demer similar in principle to an 
oOleo shock absorber but built into the dree strut of the main landing 
gear. This was first tried on the Lockheed "Constellation" and is now 
optioual equipment for that airersft. The manufacturer reports thet 
installation of the damper dreg links will reduce the msximuz: foryvard 
drag load by 59%, the maximun spin-un drag load by 11%, an? will re- 
duce the gear oscillation essentially to one cycle. The latter feature, 
of course, will greatly lengthen the fatigue life of the landing gear 
and its supporting structure. 

The "landing gear strencth envelope” was first introduced in 1946 
by Ref. (j) as a method of showing graphically the overall strength 
of a landing gear structure. Fig. 18, which is reproduced here vith 
the consent of the authors, shows by superposition the relative vert- 
ical and drag strengths for the main gears of five airplenes in use 
today. Sach of the curves A, 3B, C, D, and % represents 2 different 
airolane, Zach diesram shows grephically the maximum combin: tions of 
vertical and drag loads which the landing gear can sustain ‘vithout 
failure, The strength enveloves presented are made non-dimensional by 
dividing actual strength by airplane cross weight, and are compnrative 
since the general function of the airpl7nes show is nearly the szne 
for all, From his study of service snd accident reports, iir. J. Ff. 


.@Brearty reports in Ref. (a) that 


we we 


H..fsilures seldom occur because of vertical or side londs but 

rather Deceause of Losds in the dree direction either forvard or 

eft. The most predominant source of failures appear to be in 

the drag bracing itself, or its eattechrents or in some element 

of the structurel systen trensnitting drag forces throughout 

the structure," 
with this fact in mind, an inspection of Fig. 18 makes it Imnedletely 
epperent thet engineers hsve been putting too much emphasis on vertical 
strensth 2nd insufficient attention has been given to the drag loads. 
Our earlier curves show thet the sprinc-beel: drag forces are nesrly 
as great es spin-un loeds. Other experimenters heve in several land- 
ines found the drag loeds to exceed the vertical loads. It nov becomes 
aprerent thst Fle. 18 points the way for immedicte improvement in lend- 
ing gear cheracteristics, wanding sear strength envelopes should be 
cut down somewhat in the vertic:] direction, thereby ecving weight, and 
they shoild be increesed in both fore end eft dres directions to in- 
crease the life end reliability of the gear. Such changes in the en- 
velope are jossible by close detsil design. 

This outlins, though not complete, is sufficient to indicste the 
fields th=t are now beim: explored and to indieate the possible trends 


of landing gear design in the ncer future. 


-24— 
CONOLUSTONS 


1. The value of 0.55 for the coefficient of friction es specified 
in ANCe2a to be used for computing spin-up drag forees is a reasonable 
estimate of the maximum value that may be expected, although occasion- 
sliy a higher velue may be experienced. | 

2, There appears to be a tendency for the coefficient of friction 
to decrease with an increase in landing weight. 

o. The verticel velocity at contact has no appreciable effect upon 
the coefficient of friction. 

4. Results of this investigetion indicate an increase in the cco- 
efficient of friction with an increase in ground speed at contact, a 
result not in accord with previous investigators. 

Oe the time to reach maximum vertical load was found to deorease 
for en increase in vertical load. This parameter should be investigated 
further, using similer deta for other types of aircraft, since it is 
of major importance in determinins the maximun spin-eup drag locd. 

6. A reliable means of accuratel: measuring the rate of descent 
at contact is urgently needed by the industry. 

7. Shock strut design is « nromising field of endeavor. If a shock 
absorber can be made considerably "softer® in the initial pert of the 
stroke, thereby reducing the vertical locd during the spin-up period, 
the maximum drag load can be substantially reduced. 

8. Landing gesr strength envelopes are an excellént method for 
illustrating graphically the ultimate strength of « gear under any 


combination of vertical and drag loads, and they also point the way for 


immediate improvement in landing geer design. 


(a) 


(a) 


(f) 


(a) 


(h) 


(1) 
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